E2F-1-deleted mutant, 'truncated E2F' (E2Ftr, E2F-1[1-375]), lacking the carboxy-terminal transactivation domain, was shown to be more potent at inducing cancer cell apoptosis than wild-type E2F-1 (wtE2F-1; full-length E2F-1). Mechanisms by which wtE2F-1 and E2Ftr induce apoptosis, however, are not fully elucidated. Our study demonstrates molecular effects of pro-apoptotic BH3-only Bcl-2 family member Harakiri (Hrk) in wtE2F-1-and E2Ftr-induced melanoma cell apoptosis. We found that Hrk mRNA and Harakiri (HRK) protein expression was highly up-regulated in melanoma cells in response to wtE2F-1 and E2Ftr overexpression. HRK up-regulation did not require the E2F-1 transactivation domain. In addition, Hrk gene up-regulation and HRK protein expression did not require p53 in cancer cells. Hrk knockdown by Hrk siRNA was associated with significantly reduced wtE2F-1-and E2Ftr-induced apoptosis. We also found that an upstream factor, 'downstream regulatory element antagonist modulator' (DREAM), may be involved in HRK-mediated apoptosis in response to wtE2F-1 and E2Ftr overexpression. DREAM expression levels increased following wtE2F-1 and E2Ftr overexpression. Western blotting detected increased DREAM primarily in dimeric form. The homodimerization of DREAM resulting from wtE2F-1 and E2Ftr overexpression may contribute to the decreased binding activity of DREAM to the 3Ј-untranslated region of the Hrk gene as shown by electromobility shift assay. Results showed wtE2F-1-and E2Ftr-induced apoptosis is partially mediated by HRK. HRK function is regulated in response to DREAM. Our findings contribute to understanding the mechanisms that regulate wtE2F-1-and E2Ftr-induced apoptosis and provide insights into the further evaluation of how E2Ftr-induced apoptosis may be used for therapeutic gain.
Introduction
E2F-1 is the best-characterized member of the E2F family of transcription factors, which comprise nine E2F subunits with the ability to control transcription, cell cycle, apoptosis and senescence [1] [2] [3] [4] . The full-length E2F-1 contains a highly conserved DNA binding domain, a hydrophobic heptad repeat domain required for dimerization (dimerization domain), a transactivation domain and other domains required for associations with cyclin A/cdk2 and Rb family members (Fig. 1A ) [5] [6] [7] [8] [9] [10] [11] . The E2Ftr (1-375) is a C-terminal truncation of E2F-1 that lacks the entire transactivation and pRb-binding domains (Fig. 1A) . The full-length E2F-1, but not a truncation mutant (E2Ftr), was able to induce colony formation in NIH-3T3 cells in semi-solid agar [12] . This implies that the transactivation domain of E2F-1 is required for the oncogenic activity of this gene. Studies on the molecular basis of E2F-1-induced apoptosis demonstrated that the transactivation and apoptosis functions of E2F-1 are separable [13] [14] [15] . A number of reports indicate that the E2Ftr has stronger pro-apoptotic activity than the fulllength protein but without stimulating DNA synthesis [13] [14] [15] . Therefore, the clinical development of E2Ftr, which maintains its apoptotic function but no longer possesses oncogenic function, may improve the potential clinical utility of this therapeutic gene. In order to further investigate the death-inducing function of E2Ftr and explore its potential therapeutic activity in vitro and in vivo, we have constructed an E2Ftr adenovirus and tested its in vitro and in vivo anti-tumoral activity [16, 17] . We showed that E2Ftr induced apoptosis in a variety of cancer cell lines with little cytotoxicity to normal cell lines, and that E2Ftr exhibited more than an 80% decrease in tumour size in a mouse melanoma xenograft model [16, 17] . Hence, E2Ftr may be a suitable transgene with significant potential therapeutic activity both in vitro and in vivo.
Until recently, little was known about the pathways by which E2F-1 and E2Ftr exert such apoptotic effects [10, 18, 19] . We, and others, have identified several E2F-1 targets involved in the execution of the apoptotic program [20, 21] . For example, in our previous studies, we found that full-length E2F-1 can induce melanoma cell apoptosis via PUMA (p53 up-regulated modulator of apoptosis) upregulation and Bcl-2-associated X protein (BAX) translocation, whereas E2Ftr could not activate PUMA promoter activity, suggesting that increased PUMA expression by E2F-1 is dependent on its transactivation domain [21] .
In this study, we sought to clarify the role of HRK, another BH3-only family member, in wild-type (wt) E2F-1-and E2Ftr-induced apoptosis. The product of the Harakiri gene, HRK, is one of the mammalian Bcl-2 homology region 3 (BH3)-only proteins identified during screening for proteins that interact with Bcl-2. HRK physically interacts with the death-repressor proteins BCL-2 and BCL-XL and exhibits death-inducing activity in mammalian cells [22, 23] . Extensive studies have shown that BH3-only proteins, including HRK, can promote permeabilization of the mitochondrial membrane in response to apoptotic stimuli [24] . However, no reports have documented the role of HRK in mediating wtE2F-1-and E2Ftr-induced apoptosis.
Materials and methods

Cell lines and culture reagents
The human melanoma cell lines SK-MEL-2 and A375, the lung cancer cell line H1299 and the osteosarcoma cell line SAOS2 were purchased from American Type Culture Collection (Rockville, MD, USA). Cells were cultured in a 5% CO2 incubator at 37ЊC and subcultured every 3 to 4 days (about 80% confluent) in ␣ minimal essential medium (␣-MEM) for SK-MEL-2 cells and H1299 cells or DMEM for A375 cells or sarcoma osteogenic (SAOS2) cells, supplemented with 10% heat-inactivated foetal bovine serum and penicillin (100 U/ml)/streptomycin (100 g/ml) solution. All cell culture reagents were obtained from Gibco/BRL (Bethesda, MD, USA).
Adenoviral vectors and infection conditions
Four replication-defective recombinant adenoviral vectors deleted at the viral E1 gene were used in this study. The Ad5CMV-E2F-1 (Ad-wtE2F-1) and Ad5CMV-LacZ (Ad-LacZ) (as a control) vectors contained the transgenes wtE2F-1 and nuclear-localized ␤-galactosidase, respectively, under control of the cytomegalovirus (CMV) promoter as described [16] . The Ad-E2Ftr vector expresses E2Ftr protein, which retains E2F-1 DNA binding, but lacks its transactivation domain. Our group constructed this based on the widely used Ad-Easy system [16, 17] . The cells were infected at a multiplicity of infection of 100 (MOI 100). The infection procedure has been described in detail previously [16] .
siRNA transfection
Control (non-sense) siRNA, Hrk siRNA and siGLO Green Transfection Indicator were obtained from Dharmacon, Inc. (Lafayette, CO, USA). The transfection of siRNA was carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After adenovirus vector infection, the medium was changed to Opti-Minimum Essential Medium I (MEMI). Transfection was carried out according to the manufacturer's instructions.
Detection of apoptosis
Hoechst staining was performed by adding Hoechst dye to a final concentration of 10 M to each well in a 12-well plate. Apoptotic cell death was determined by quantification of apoptotic nuclei (i.e. fragmentation and condensation of nuclei) following Hoechst 33258 staining for 10 min. at 37ЊC. A total of 400 nuclei were counted for each sample under a fluorescence microscope (Olympus Microsystems, Redwood City, CA, USA).
Quantification of apoptosis was further assessed by annexin V staining according to the manufacturer's instructions [annexin V-PE (phycoerythrin) apoptosis kit; Pharmingen, San Diego, CA, USA] and as described previously [17] . Apoptotic cells were evaluated by FACScan flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA) with FlowJo software (Tree Star, Inc., Ashland, OR, USA).
Caspase-9 activity assay
The caspase-9 colorimetric assay kit (R&D Systems, Minneapolis, MN, USA) was used for caspase-9 activity assay, according to the manufacturer's instructions and as described previously [21] . No cell lysates and no substrates were used as blanks. The results were expressed as the fold increase in treated cells over that of the control cells.
Real-time RT-PCR
Real-time RT-PCR was performed with the SYBR Green PCR Master Mix kit, according to the manufacturer's protocol (ABI, Foster City, CA, USA). Briefly, at 24 hrs of designated treatment, total RNA was isolated using the RNeasy mini kit, along with RNase Free DNase set to remove any traces of DNA contamination (QIAGEN, Valencia, CA, USA). cDNA was prepared from 500 ng of total RNA with TaqMan reverse transcription reagents (ABI/Roche, Branchburg, NJ, USA). Real-time RT-PCR was performed with 12.5 ng of cDNA as a template for each gene. Reactions were carried out in a 96-well optical reaction plate (ABI) using the ABI Prism 7000 sequence detection system. Primers for the Hrk gene were 5Ј-CGA TCC ACA CGG AGT ACT TG-3Ј and 5Ј-GGA TGC AGA AGG AGA TCA CTG-3Ј. ␣-actin served as an internal control. The primers for ␣-actin were 5Ј-GAA GTA GCC GTT TAC AAG CTA AGC A-3Ј and 5Ј-GCC TGG ATT ATC TGG GCT TCT-3Ј. Data were analysed using the comparative CT method [14] and were presented as mean Ϯ S.D. from three independent experiments performed in duplicate.
Western blot
Cells were treated as indicated. Western blotting was performed as described previously [21] . Human HRK and downstream regulatory element antagonist modulator (DREAM) were detected using the HRK antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and the DREAM antibody (Upstate Biotechnology, Billerica, MA, USA), respectively. wtE2F-1 and E2Ftr were detected by the same E2F-1 antibody from Santa Cruz Biotechnology. wtE2F-1 is about 66 kD and E2Ftr is about 60 kD, which can be differentiated by a 10% SDS-PAGE, but not by a 12% SDS-PAGE. Equal loading of proteins was verified by probing the membrane again with an anti-␣-actin primary antibody (1:5000; SigmaAldrich, St. Louis, MO, USA).
Immunocytochemistry and confocal microscopy
Cells were seeded on cover slips in 12-well plates and cultured in a 5% CO2 incubator at 37ЊC. After the designated treatment, cells were incubated with mitotracker Red 580 (Invitrogen) with the final concentration of 300 nM at 37ЊC for 40 min. The cover slips were rinsed with warm medium twice and fixed with 3.7% formaldehyde at 37ЊC for 15 min. Primary antibody E2F-1 or HRK (Santa Cruz Biotechnology) or DREAM (Upstate Biotechnology) was applied at 1:100 at room temperature for 45 min. Subsequently, the cells were washed three times for 30 min. and incubated with the secondary antibody [goat antimouse Alexa 488 (green), donkey anti-goat Alexa 488 (green) or donkey anti-goat Alexa 594 (red) at 1:500; Invitrogen] at room temperature for 40 min. Cells were counterstained at room temperature with 200 nM of 4Ј, 6-diamidino-2-phenylindole (DAPI; shown in blue at left upper panel of all the confocal microscopy images; Santa Cruz Biotechnology) for 2 min. The cells were then washed extensively and mounted with Mowiol (Calbiochem, La Jolla, CA, USA). Scans were performed in a sequential mode to avoid channel crosstalk. Confocal microscope images were obtained on an Olympus Fluoview 500 confocal microscope.
Electrophoretic mobility shift assay (EMSA) for DREAM-Hrk binding activity
SK-MEL-2 and A375 cells were seeded at a density of 3.5 ϫ 10 5 cells in a 6-well plate. After 24 hrs, the cells were transfected as designated. After 24 hrs of infection, nuclear protein and cytosolic protein were extracted using NE-PER nuclear and cytoplasmic extraction reagent (Pierce, Rockford, IL, USA). For EMSA, binding reactions were carried out using 40 fmol of biotin end-labelled double-stranded DRE-Hrk oligonucleotide: DRE-Hrk sense 5Ј-biotin-GAAACACAGACAGAGGAAGCCCCTCGGGAG-3Ј DRE-Hrk antisense 5Ј-biotin-CTCCCGAGGGGCTTCCTCTGTCTGTGTTTC-3Ј (synthesized by Integrated DNA Technologies, Inc., Coralville, IA, USA) with 4 g of nuclear protein extract. No protein extract was used as negative control. A 200-fold amount of unlabelled DRE-Hrk was used as the specific competitor where indicated. Supershift assay was performed by adding the DREAM antibody to the nuclear extract and incubating at room temperature for 20 min., followed by the steps for a normal gel shift. Assays were loaded onto 5% polyacrylamide gels and electrophoresed at 100 V before being transferred onto a positively charged nylon membrane. Transferred DNAs were crosslinked to the membrane and detected using horseradish peroxidase-conjugated streptavidin (LightShift chemiluminescent EMSA kit; Pierce), according to the manufacturer's instructions. For loading control, 10 g of nuclear proteins from each sample were subjected to Western blot analysis for the proliferating cell nuclear antigen (PCNA, 1:800; Santa Cruz Biotechnology).
Data analyses
Experiments presented in the figures are representative of three or more independent experiments. The data are presented as the mean Ϯ S.D.
Comparisons between groups were evaluated by a two-tailed Student's t-test. A P value of Ͻ0.05 was considered to be statistically significant.
Results
Overexpression of wtE2F-1 and E2Ftr leads to increased HRK expression and apoptosis in melanoma cells
We have previously reported [21] that wtE2F-1 can induce apoptosis in melanoma cells via PUMA up-regulation, and that the transactivation domain of wtE2F-1 is a requirement for this process. To further investigate whether another BH3-only family member, HRK, is involved in wtE2F-1-and E2Ftr-induced apoptosis, we examined the effect of wtE2F-1 and E2Ftr expression on Hrk mRNA expression and protein expression over time in two melanoma cell lines (SK-MEL-2 and A375). Quantitative real-time PCR analysis showed that there was a 14-fold (SK-MEL-2) and 22-fold (A375) increase of Hrk mRNA levels in melanoma cells at 24 hrs after wtE2F-1 infection compared with the control virusinfected cells. After E2Ftr infection at 24 hrs, there was an increase of 7-fold (SK-MEL-2) and 12-fold (A375 cells) of Hrk mRNA levels as compared with the control virus infection (Fig. 1B) .
To determine whether Hrk mRNA up-regulation was associated with a corresponding increase in HRK protein levels, we performed Western blot analysis after wtE2F-1 and E2Ftr expression. The HRK protein levels were also increased at 24 hrs after wtE2F-1 and E2Ftr infection (Fig. 1C) . The alterations of the HRK protein level corresponded to changes in the Hrk mRNA level.
Along with the overexpression of HRK, we examined apoptosis by Hoechst staining to observe the typical apoptotic nuclear morphological changes, including chromatin condensation and nuclear fragmentation under the fluorescence microscope. The percentage of apoptotic cells was 45% in SK-MEL-2 cells and 35% in A375 cells, respectively, after 48 hrs of wtE2F-1 infection. After 48 hrs of E2Ftr infection, the percentage of apoptotic cells was 52% in SK-MEL-2 cells and 39% in A375 cells, respectively (Fig. 1D) . After 48 hrs of wtE2F-1 and E2Ftr infection, a similar percentage of apoptotic cells was also observed in SK-MEL-2 and A375 cells by using annexin V-PE/7-aminoactinomycin D (7 AAD) flow cytometric analysis (Fig. 1E) . Additionally, consistent with apoptosis, caspase-9 activity was induced after 48 hrs of wtE2F-1 and E2Ftr infection in SK-MEL-2 and A375 cells (Fig. 1F ). These data demonstrate an association between apoptosis and increased HRK expression following wtE2F-1 and E2Ftr overexpression in melanoma cells. Our data also showed that up-regulation of HRK was independent of the E2F-1 transactivation domain.
Up-regulation of HRK in wtE2F-1-and E2Ftr-induced apoptosis is independent of p53 status
Lack of p53, p53 mutation or aberrant p53 expression is generally associated with aggressive malignancy and chemotherapy resistance in most cancers [25] . As shown above, even though the SK-MEL-2 melanoma cell line has a mutant p53, it still shows up-regulation of HRK and apoptosis after wtE2F and E2Ftr expression. We surmised that this HRK up-regulation by wtE2F and E2Ftr was p53-independent. Therefore, to further explore this, we took advantage of two cell lines: H1299 (p53-null lung cancer cell line) and SAOS2 (osteosarcoma cell line that lacks p53 and the retinoblastoma gene product, pRB). We found that Hrk mRNA ( Fig. 2A ) and protein levels (Fig. 2B) were elevated after 24 hrs of overexpression of wtE2F and E2Ftr in both cell lines. Concurrent with the increased HRK elevation, we observed significant wtE2F-1-and E2Ftr-induced apoptosis in both cell lines after 48 hrs of wtE2F-1 and E2Ftr infection. This was based on the number of apoptotic cells counted by using Hoechst staining (Fig. 2C) and by flow cytometric analysis (Fig. 2D ). These data indicate that enhanced HRK up-regulation, as well as enhanced apoptosis after overexpression of wtE2F and E2Ftr, are not dependent on p53 among some different types of cancer cells.
Hrk knockdown by siRNA in wtE2F-1 and E2Ftr-overexpressed cells was associated with significantly reduced apoptosis
We sought to determine whether HRK was functionally involved in wtE2F-1-and E2Ftr-mediated apoptosis. We theorized that if HRK was truly a mediator in E2Ftr-induced melanoma cell apoptosis, there should be a significant reduction in E2Ftr-induced apoptosis after Hrk knockdown. We used Hrk siRNA transfection to confirm our prediction. We first used the siGLO to check the siRNA transfection efficiency in these two cell lines. Both cell lines demonstrated Ͼ70% transfection efficiency (data not shown).
Transfection of control siRNA in wtE2F-or E2Ftr-infected cells increased Hrk expression in SK-MEL-2 and A375 cell lines after 24 hrs of transfection. Transfection of Hrk siRNA significantly repressed wtE2F-1-and E2Ftr-induced Hrk expression after 24 hrs of transfection as shown by real-time RT-PCR (Fig. 3A) . Accordingly, Hrk knockdown by siRNA was associated with significantly reduced wtE2F-1-and E2Ftr-induced apoptosis (Fig. 3B) . Forty-eight hours after transfection of control siRNA in wtE2F-1-and E2Ftr-infected cells, the apoptotic nuclei increased to about 50% to 60% in these two cell lines. The apoptotic nuclei were reduced to 30% to 35% after 48 hrs of transfection of Hrk siRNA in wtE2F-1-and E2Ftr-infected melanoma cells (P Ͻ 0.05; Fig. 3B ). A similar trend was also observed in SK-MEL-2 and A375 cells by annexin V/7-AAD flow cytometric analysis (Fig. 3C) . Moreover, in concordance with significantly reduced apoptosis by Hrk siRNA knockdown in wtE2F-1 and E2Ftr overexpressed cells, caspase-9 activity was also repressed (Fig. 3D) . These results indicate that wtE2F-1-and E2Ftr-induced melanoma cell apoptosis is mediated, at least in part, by HRK.
wtE2F-1 and E2Ftr do not directly act to induce apoptosis at mitochondria
Because HRK is a mitochondria protein, we were interested in determining whether wtE2F-1 and E2Ftr would act directly to induce apoptosis at the mitochondria, as p53 does [26, 27] . To determine this, we first stained the cell mitochondria with mitotracker red 580 (left lower panel, Fig. 4A ) and then applied the HRK antibody followed by the second antibody with Alexa 488 (green fluorescence, right upper panel, Fig. 4A ). Confocal microscope sequential scanning shows red (mitochondria) and green fluorescence (HRK) with an overlaying yellow (right lower panel, Fig. 4A ), which represents co-localization of HRK in mitochondria. The subcellular distribution of wtE2F-1 or E2Ftr is shown after staining the mitochondria with mitotracker red 580 (left lower panel, Fig. 4B ) and with E2F-1 antibody followed by the second antibody with Alexa 488 (green fluorescence, right upper panel, Fig. 4B ). wtE2F-1 and E2Ftr (green fluorescence, right upper panel, Fig. 4B ) were primarily distributed at the nucleus and cytosol. Confocal microscope sequential scanning did not show an overlay of yellow colour (right lower panel, Fig. 4B ), which suggests that wtE2F-1 and E2Ftr are not located at the mitochondria. Our Western blot analysis of the subcellular fraction of wtE2F-1 and E2Ftr confirmed the results from the confocal microscopy (unpublished data, Hongying Hao). These results demonstrate that wtE2F-1 and E2Ftr do not localize to the mitochondria to induce apoptosis.
wtE2F-1-and E2Ftr-induced melanoma cell apoptosis is mediated by Hrk that is dependent on DREAM function
Previous studies [28, 29] have shown that there is a silencer sequence in the 3Ј-untranslated region of the Hrk gene (DREHrk) binding to the transcriptional repressor DREAM, and that Hrk is transcriptionally silenced via DREAM. To delineate how DREAM is involved in the regulation of Hrk in E2Ftr-induced apoptosis, we performed an EMSA using DREAM-hrk. The nuclear extracts were prepared and used to analyze the binding of DREAM to a biotin end-labelled probe that contained the DREAM binding site (DRE-Hrk). After wtE2F-1 and E2Ftr overexpression, the binding activity of DREAM to the Hrk gene was reduced (Fig. 5A ), which correlates with the up-regulation of Hrk and induction of apoptosis (Fig. 5B) . The supershift assay (Fig. 5C) showed the specific binding band shifted due to the formation of a larger complex after the addition of anti-DREAM antibody. Overexpression of wtE2F-1 or E2Ftr inhibited binding of the transcriptional inhibitor DREAM to the DRE-Hrk sequence, which may explain increased Hrk gene expression in response to wtE2F-1 and E2Ftr. As a whole, these results implicate HRK as a mediator of wtE2F-1-and E2Ftr-induced apoptosis, and that this response is modulated by DREAM.
Co-localization of DREAM with wtE2F-1 or E2Ftr and homodimerization of DREAM after wtE2F-1 and E2Ftr overexpression
To better understand how wtE2F-1 and E2Ftr interfere with the binding of DREAM to DRE-Hrk sequence, we used confocal microscopy to detect the cellular distribution of DREAM after wtE2F-1 and E2Ftr infection. DREAM (shown in red, left lower panel, Fig. 6A ) was primarily located in the cell nuclei in the control vector (Ad-LacZ) infected cells. After wtE2F-1 and E2Ftr infection (shown in green, right upper panel, Fig. 6A ), an overlay image of DREAM and wtE2F-1 or E2Ftr is yellow (right lower panel), suggesting that DREAM co-localized with wtE2F-1 or E2Ftr in the nuclei. This result demonstrated that the co-localization of DREAM with wtE2F-1 or E2Ftr is specific for these proteins and not simply a result of increased protein due to infection, because the Ad-LacZ was used as a control vector. We then performed RT-PCR to examine DREAM mRNA expression. The DREAM level increased after overexpression of wtE2F-1 and E2Ftr (Fig. 6B) . This increased DREAM level was mostly in the dimeric form, as is shown in the Western blot analysis of the whole cell lysates (Fig. 6C) . We isolated cytosolic and nuclear fraction of the cells to perform Western blot analysis and detected the monomeric and dimeric forms of DREAM, as previously characterized in another cell system [30] . We found that the DREAM monomer cannot be detected in the cytoplasm, but is present in the nuclei. The DREAM dimeric form was more obvious in the nuclei than in that of the dimeric form in the cytoplasm ( Fig. 6D and E) . The DREAM dimeric form was significantly present in wtE2F-1-treated cells and was more evident in E2Ftr-treated cells. These data suggest . After 24 hrs of infection in SK-MEL-2 and A375 cells, 60 g of total proteins from the whole cell lysates (C), cytoplasma (D) and nuclear (E) protein were extracted and subjected to Western blot analysis by using DREAM antibody. ␣-Actin was used for loading control of the whole cell lysates and cytoplasma fraction. PCNA was used for the loading control of the nuclear fraction (Ctrl: control; arrows: DREAM monomer or homodimer).
that the homodimerization of DREAM may cause the decreased binding activity of DREAM to the DRE-hrk sequence, thus allowing up-regulation of HRK and subsequent apoptosis.
Discussion
The biochemical activation of classical apoptosis is mediated by two central pathways: the extrinsic (or death receptor) pathway and the intrinsic (or mitochondrial) pathway. The intrinsic pathway originates from the mitochondrial release of cytochrome c that leads to activation of caspase-9 and subsequent activation of the caspase cascade [24, 31, 32] . Several studies have shown that the BH3-only protein HRK is an important mediator of apoptosis. Ma et al. [34] reported that HRK plays a critical role in potassium deprivation-induced apoptosis in cerebellar granule neurons. Kalinec et al. [35] also showed that gentamicin-induced apoptosis of auditory cells is mediated by the extracellular signal-regulated kinase 1/2 mitogen-activated protein kinase pathway through up-regulation of HRK, whereas Lcarnitine can prevent gentamicin-induced HRK up-regulation and apoptosis. HRK inactivation is associated with a low apoptotic index in secondary glioblastomas [36] . Previous studies [20, 21] have shown that full-length E2F-1 can up-regulate HRK through a direct transcriptional mechanism. In the present study, we showed that E2Ftr, lacking the transactivation domain, could still induce Hrk up-regulation and cause melanoma cell apoptosis. Our findings show that there may be an indirect transcriptional mechanism, DREAM-HRK, involved in E2Ftr-induced apoptosis, as discussed later. We observed that up-regulation of Hrk by wtE2F-1 was more prominent than that by E2Ftr (Fig. 1B) . One possible explanation is that wtE2F-1 could induce apoptosis by both the direct transcriptional pathway and indirect transcriptional pathway, whereas E2Ftr could only induce apoptosis through the indirect transcriptional pathway (Fig. 7) .
Previous studies have shown that there is a silencer sequence located in the 3Ј untranslated region of the Hrk gene [28, [37] [38] [39] . This sequence binds to a calcium-binding protein, DREAM, which functions as a transcriptional repressor [28] [29] [30] . Loss of the DREAM-DNA binding complex was associated with increased levels of HRK and apoptosis [30] . In our DREAM-Hrk EMSA, we found that overexpression of wtE2F-1 and E2Ftr inhibited binding of DREAM to the DRE-Hrk sequence. This was correlated with increased HRK expression and apoptosis. Further analysis of DREAM expression showed that the DREAM level increased after wtE2F-1 and E2Ftr infection. Most of the increases occurred with DREAM in dimeric form after wtE2F-1 and E2Ftr overexpression, according to Western blot analyses. The homodimerization of DREAM in the cytoplasm and nucleus may explain the decreased binding activity of DREAM-Hrk, the correspondingly increased HRK expression and the eventual cellular apoptosis. In our study, we observed that DREAM occurred primarily in the monomeric and dimeric forms. In DREAM-overexpressed HEK293 cells, the monomeric, dimeric and tetrameric forms were all observed [30] . This might be due to discrepancies in different cell systems. Thus, DREAM appears to be an upstream regulator of Hrk in both wtE2F-1-and E2Ftr-induced melanoma cell apoptosis. This may be a common DREAM-HRK pathway shared by wtE2F-1-and E2Ftr-induced apoptosis.
DREAM, also known as calsenilin and potassium-channel interacting protein-3, is a multi-functional protein. It has roles in the cytoplasm as a potassium channel interacting protein and a presenilin interacting protein. DREAM has been identified as a proapoptotic protein. DREAM expression could induce the morphological and biochemical features of apoptosis, such as cell shrinkage, DNA laddering and caspase activation. DREAM-induced apoptosis was suppressed by caspase inhibitor and by Bcl-xL and was potentiated by increasing cytosolic Ca 2ϩ [40, 41] . This proapoptotic function of DREAM is mostly observed in its monomeric form in neuron cells. DREAM can also affect cellular calcium homeostasis. We present here the evidence of DREAM as a transcriptional repressor in wtE2F-1 and E2Ftr-mediated apoptosis. Undoubtedly, it is worthy of further investigation on other functions of DREAM in E2F-1-mediated melanoma cell apoptosis. We observed that even though up-regulation of Hrk by wtE2F-1 was more prominent than that by E2Ftr (Fig. 1B) , E2Ftr exhibited stronger apoptotic effects than that of wtE2F-1 ( Fig. 1D and E) . Western blotting ( Figs 1C, 2B , 5B and 6C) showed that the E2Ftr band was significantly stronger than the wtE2F-1 band. This is in accordance with our previous observation that E2Ftr protein was more stable and accumulated to higher levels in cells compared with wtE2F-1 [17] . Higher E2Ftr protein accumulated in melanoma cells may lead to stronger apoptotic effects.
Our results showed that up-regulation of Hrk by wtE2F-1 occur independently of its transactivation domain. This also supports the idea that the transactivation and apoptosis functions of E2F-1 are separable. A recent study showed that a region of only 75 amino acids within the DNA-binding domain of E2F-1 is responsible for the apoptotic function of the E2Ftr [12] . However, the mechanism of this 75 amino acid region in E2F-1 to induce apoptosis is still unclear. Identifying the factors that might be involved in the regulation of wtE2F-1-and E2Ftr-induced apoptosis is important not only to better understand the E2F family members, but also to clarify targets of E2Ftr for a possible cancer therapeutic strategy. Identification of pathways shared by wtE2F-1, E2Ftr or even smaller amino acid regions in the E2F family that can induce apoptosis may potentially represent therapeutic targets for molecular cancer therapy.
In addition to the DREAM-HRK pathway involved in wtE2F-1-and E2Ftr-induced apoptosis, we were interested in determining whether there might be other pathways involved in this process. Some transcription factors, such as p53, can act in both the cytosol and mitochondria where they can interact with various members of the Bcl-2 family to promote apoptosis through transcription-independent mechanisms [26, 27] . We attempted to determine whether this would be another possible mechanism for wtE2F-1-and E2Ftr-induced apoptosis. Confocal microscopy showed that wtE2F-1 and E2Ftr did distribute in the cytosol and nuclei. However, neither wtE2F-1 nor E2Ftr translocated to the mitochondria. This makes it unlikely that wtE2F-1 or E2Ftr act directly at the mitochondria to induce apoptosis. However, we did observe that wtE2F-1 and E2Ftr co-localized with DREAM in the nuclei. Future investigation is required to clarify the interaction of wtE2F-1 or E2Ftr with DREAM or DREAM homodimer.
p53, often referred to as the guardian of the genome, is mutated in up to 60% of many human malignancies. Such p53 mutations are particularly common in skin cancers. These p53 disruptions may impact on melanoma at all stages and relate directly to a patient's prognosis [42] . Experimental cancer therapeutics that can target p53-dependent and p53-independent pathways would be given preferable choice. Our results showed that wtE2F-1 and E2Ftr induced HRK up-regulation, and that subsequent apoptosis is independent of p53 status in melanoma, lung cancer and osteosarcoma cells. This confirms that wtE2F and E2Ftr can induce apoptosis in a p53-dependent manner as well as in a p53-independent manner [43] . The data further suggest that wtE2F-1 and E2Ftr may have potential use in therapeutic gene strategies in a wide variety of tumours.
In the present study, we also found that even though Hrk mRNA expression has been successfully repressed by Hrk siRNA, down-regulation of Hrk can only partially repress wtE2F-1 and E2Ftr-induced apoptosis. Eventually, all of the cells underwent apoptosis after wtE2F-1 and E2Ftr overexpression (data not shown). These results suggest that there are other pathways or factors that might be involved in the apoptotic process, such as the death receptor pathway, or autophagy, among others.
